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Between 1978 and 2008, 13 avian botulism outbreaks were recorded in the wetlands of Mancha Húmeda (central Spain). These
outbreaks caused the deaths of around 20,000 birds from over 50 species, including globally endangered white-headed ducks
(Oxyura leucoceophala). Here, a significant association was found between the number of dead birds recorded in each botulism
outbreak and the mean temperature in July (always >26°C). The presence of Clostridium botulinum type C/D in wetland sedi-
ments was detected by real-time PCR (quantitative PCR [qPCR]) in 5.8% of 207 samples collected between 2005 and 2008. Low
concentrations of Cl� and high organic matter content in sediments were significantly associated with the presence of C. botuli-
num. Seventy-five digestive tracts of birds found dead during botulism outbreaks were analyzed; C. botulinum was present in
38.7% of them. The prevalence of C. botulinum was 18.2% (n � 22 pools) in aquatic invertebrates (Chironomidae and Corixidae
families) and 33.3% (n � 18 pools) in necrophagous invertebrates (Sarcophagidae and Calliphoridae families), including two
pools of adult necrophagous flies collected around bird carcasses. The presence of the bacteria in the adult fly form opens up new
perspectives in the epidemiology of avian botulism, since these flies may be transporting C. botulinum from one carcass to
another.

Botulism poisoning is caused by the ingestion of a potent neu-
rotoxin (botulinum neurotoxin [BoNT]) produced by Clos-

tridium botulinum that produces flaccid paralysis and death. Seven
toxin types have been designated (types A to G), with type C most
frequently involved in cases of avian botulism (1, 2), followed by
types D and E. Avian botulism has been diagnosed around the
world (except in the Antarctic) and is considered the most impor-
tant avian disease in terms of mortality (3). Recently, some cases of
botulism in animals in Europe and Japan were caused by mosaics
of type C and D toxins, for which a higher lethal activity is ob-
served in mouse in comparison to other types of BoNT (4–6). This
mosaic C/D type toxin seems to be predominant in European
waterfowl and cross-reacts against type C antisera in the com-
monly used mouse bioassay (7).

Clostridium botulinum type C is not considered overtly patho-
genic, but it acts as a saprophytic bacteria that uses a neurotoxin
(BoNT) to kill in order to create an appropriate medium for its
maintenance (8). The exponential mortality observed during out-
breaks of avian botulism has been associated with the life cycle of
necrophagous flies and their maggots. The maggots act as a carrier
of BoNT from decomposing bird carcasses to live birds (9–16). In
terms of botulism outbreaks, there are several predisposing factors
which have complex relationships (3). One of these factors is the
abundance of C. botulinum spores in the environment, which may
in turn depend on local soil, sediment, and water properties (17–
24). The elevated temperatures in wetlands that are reached
mainly in summer can favor the growth of C. botulinum in car-
casses or in decomposing organic material (25–27). Bird mortality
due to other causes can contribute to botulism by providing car-
casses where C. botulinum can grow and initiate an outbreak (28–
30). Finally, the susceptibility of certain bird species or individuals
to the BoNT toxin may be an important determinant (2, 31, 32).

Botulism can be a significant risk for endangered waterbird
species, especially for those with populations concentrated in just
a few wetlands or on islands, where an outbreak may reduce their
numbers dramatically (33). White-headed duck (Oxyura leuco-
cephala) and marbled teal (Marmaronetta angustirrostris) are en-
dangered and vulnerable (34) waterfowl species, and southern
Spain is one of their population strongholds within the western
Palearctic region (35). Some of the wetlands used by these species
as breeding sites in Spain, such as El Hondo on the Mediterranean
coast, La Mancha Húmeda in central Spain and the Guadalquivir
Marshes in southern Spain, can be considered areas where avian
botulism is endemic, since outbreaks occur there almost every
summer (22, 36, 37). Botulism may therefore continue to drive
these already vulnerable species toward a more critical status and
reduce the efficacy of important conservation efforts made over
recent decades (38).

Here, we compiled available data on botulism outbreaks in the
wetlands of La Mancha Húmeda in Spain for the last 20 years and
explored their association with meteorological data. The presence
of C. botulinum type C in wetland sediments was assessed using
real-time PCR (quantitative PCR [qPCR]) and the relationship
between its occurrence and the physicochemical characteristics of
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the sediments analyzed. Moreover, the presence of C. botulinum in
aquatic invertebrates and necrophagous flies sampled during bot-
ulism outbreaks was studied to evaluate their role in the epidemi-
ology of these episodes.

MATERIALS AND METHODS
Study area. The study area consisted of wetlands in Castilla-La Mancha
(central Spain), and the study focused on the National Park of Tablas de
Daimiel and nearby wetlands where botulism outbreaks have been re-
corded since 1978 (Fig. 1). Tablas de Daimiel was declared a National Park
in 1973 and a Special Protection Area for Birds in 1979 and was included
in the Ramsar List in 1982. The National Park now protects the remaining
1,675 ha of a wetland that 50 years ago comprised 6,000 ha (39). Four of
the wetlands studied also receive inputs from wastewater treatment plants
from nearby towns/villages (Fig. 1). We included two reservoirs, because
birds from the natural wetlands often use these sites for feeding or resting,
since there are large areas of shallow water with abundant vegetation pres-
ent (Fig. 1). The climate in this area is cold-temperate continental, with a
pronounced dry season and annual rainfall of around 400 to 500 mm. All
the lagoons studied are between 603 and 670 m above sea level (39).
Manjavacas, Alcázar de San Juan, and Pedro Muñoz lagoons are charac-
terized by a salt concentration of �5 g/liter even at the height of flooding,
and they have historically shown marked seasonality in terms of water
level (since water supplies to these lagoons were originally limited only to
rainfall and runoff). However, water discharged from wastewater treat-
ment plants into these lagoons has altered their natural hydrological char-
acter (40). Navaseca lagoon is a highly eutrophic artificial wetland which is
close to Tablas de Daimiel Park (6.5 km away).

Historic data and sample collection. Waterfowl mortalities due to
botulism outbreaks were compiled from official data recorded between
1978 and 2008 by the regional government (Junta de Comunidades de
Castilla-La Mancha [JCCM]). The diagnosis of avian botulism was based
on clinical observations made by veterinary staff at the Wildlife Rehabili-
tation Centres of JCCM and confirmed by mouse bioassay with a hexava-
lent antitoxin provided by the Centers for Disease Control and Preven-
tion, Atlanta, GA, USA, and undertaken at the Spanish National Institute

of Toxicology. The mouse bioassay was performed using sera from eight
birds from five different outbreaks that occurred in Mancha Húmeda,
Spain, between 1998 and 2002.

Monthly meteorological data (minimum, maximum, and mean tem-
peratures, number of days with a temperature of �25°C, mean rainfall,
and mean humidity) for the study area between 1997 and 2008 were ob-
tained from the Spanish National Institute of Statistics (http://www.ine.es).

A total of 207 sediment samples were collected between 2005 and 2008
in the Spanish wetlands studied. In July 2005, sediment samples were
collected from Tablas de Daimiel (n � 14), Alcázar de San Juan (n � 24),
Pedro Muñoz (n � 15), Manjavacas (n � 9), Vicario (n � 8), and Vega del
Jabalón (n � 2). In January 2006, sediment samples were collected from
Tablas de Daimiel (n � 11), Vega del Jabalón (n � 9), and Vicario (n �
10). Additionally, between 2006 and 2008, sediment samples were col-
lected in wetlands where avian mortalities had been detected during the
summer, i.e., Tablas de Daimiel in 2007 (n � 68), Alcázar de San Juan in
2006 to 2008 (n � 13), Navaseca in 2008 (n � 14), and Jabalón in 2008
(n � 2). Sediment samples (50 to 100 g) were collected from the upper 0
to 5 cm. Benthic invertebrates, mostly larvae of members of the Chirono-
midae family (nonbiting midges), and water column invertebrates,
mostly Corixidae (water bugs), were collected during sediment sampling
and processed in pools grouped by sampling site.

Carcasses of 75 birds from 18 species were sampled during avian mor-
talities detected in the wetlands studied. These samples included gastric
contents, samples from the intestine, cecum, and cloacal swabs, although
not all could be taken from each bird. Additionally, 5 pools of adult
necrophagous flies, mostly members of the Calliphoridae and Sarcophagi-
dae families, were caught flying around bird carcasses, as were 10 pools of
larvae, 3 pools of eggs, and 1 pool of pupae (of Calliphoridae), collected
directly from bird carcasses. All samples were frozen immediately at
�30°C and stored until analysis.

Detection of C. botulinum by preenrichment cultures and qPCR
and PCR for type C/D. All samples were processed as previously described
by Vidal et al. (37). Detection followed a protocol that included preen-
richment of the sample by culture, DNA extraction, and detection of the
gene encoding the toxin by qPCR. Cultivation of samples was performed

FIG 1 Locations of the studied wetlands in Castilla-La Mancha (central Spain). Most sites were located in the province of Ciudad Real; only Manjavacas was
located in Cuenca. The surface areas (in hectares) are shown in parentheses on the map. inh, inhabitants.
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in a commercial cooked meat broth supplemented with vitamin K1, glu-
cose, and hemin (BD BBL cooked meat medium with glucose, hemin, and
vitamin K; BD, NJ, USA) using an anaerobe container system (BD GasPak
EZ; BD, NJ, USA) over a period of 3 to 5 days at 40°C. DNA extraction was
performed using two commercial kits for DNA extraction, the PowerSoil
DNA isolation kit (MoBio, Carlsbad, CA, USA) and the DNeasy blood
and tissue kit (Qiagen, Hilden, Germany) for sediment samples and ani-
mal tissue samples, respectively (following the manufacturer’s recom-
mendations). qPCR was performed as described previously (41), includ-
ing genes encoding both type C and type C/D mosaic toxins, and has been
adapted for environmental samples by Vidal et al. (37). The amplicon
examined by qPCR is within the amino-terminal domain of the heavy
chain, and it specifically addresses position 2014 bp for the forward
primer and 2112 bp for the reverse primer using the BoNT sequence of the
type C/D mosaic strain 03-009 (GenBank accession number AB200360)
(4). In order to confirm whether field samples were positive for type C/D
mosaic, a total of 30 samples were also tested by a standard PCR by the
method of Takeda et al. (4). The sensitivity of this PCR was compared to
the sensitivity of qPCR using an isolated strain from the gastric contents of
a black-headed gull (Chroicocephalus ridibundus), collected in the sum-
mer of 2005 in an outbreak that occurred in Alcázar de San Juan lagoon
(internal reference IREC-B136) which was quantified by the most proba-
ble number (MPN) technique.

Determination of the physicochemical characteristics of the sedi-
ments. Each fresh sediment sample (10 g) was mixed with 30 ml of deion-
ized water for 30 min on a shaker. The pH was measured in the solution
after 2 min. The solution was vacuum filtered through 0.45-�m filter
paper. This filtrate was then used to determine water-soluble PO4

�,
NO3

�, NO2
�, and Cl� by means of UV-visible (UV-Vis) spectrophotom-

etry using Sprectroquant kits (Merck, Darmstadt, Germany). Moisture
and organic matter content were determined sequentially, first by drying
the sample at 120°C in an oven to calculate the amount of free and com-
bined water present in the sample and then by heating in a muffle furnace
at 450°C to calculate the percentage loss on ignition (% LOI).

Statistical analysis. The relationship between avian mortality rate
(due to botulism outbreaks) and meteorological data was analyzed with
Spearman’s correlation coefficient (rs). The frequency of detection of C.
botulinum in different types of samples was compared by the chi-square
test or Fisher exact probability test. Physicochemical characteristics of

sediments were compared among wetlands with one-way analysis of vari-
ance (ANOVA) tests. Post hoc differences were studied with Tukey tests.
The association between the presence of C. botulinum and the physico-
chemical characteristics of the sediments was studied with generalized
linear models (GLM) with a binary logistic distribution. The presence of
C. botulinum (negative or positive) was used as the dependent variable,
and the physicochemical characteristics of the sediments were used as the
predictors. Physicochemical data were log transformed when necessary to
approach a normal distribution. The models studied initially included all
the known predictors, but only those with higher significance were re-
tained in the final models following a backward stepwise procedure. Sig-
nificance for the statistical analyses was set at P � 0.05, and analyses were
performed with IBM SPSS Statistics 19.0.0.

RESULTS
Description of avian botulism outbreaks. Between 1978 and
2008, 13 botulism outbreaks were recorded within the study area.
Around 20,000 individuals from �50 species from 18 families
(Table 1; see Table S1 in the supplemental material) were found
dead by environmental authorities during these outbreaks. The
most frequently affected family was Anatidae, followed in smaller
numbers by Rallidae and Scolopacidae (Table 1). In terms of spe-
cies, the highest mortality rates were reported for mallards (Anas
platyrhynchos), Eurasian coot (Fulica atra), gadwall (Anas strep-
era), and Northern shoveler (Anas clypeata) (Table S1). Two
threatened waterfowl species (34), the endangered white-headed
duck (Oxyura leucocephala) and the near-threatened ferruginous
duck (Aythya nyroca) were also found dead in small numbers dur-
ing these outbreaks. The presence of BoNT was confirmed by
mouse bioassay in seven birds (six mallards [Anas platyrhynchos]
and one common teal [Anas crecca]) collected in four different
outbreaks prior to 2002. One negative sample was from a black-
headed gull (Chroicocephalus ridibundus), which was sampled
during recovery and finally released.

A significant association was found between the number of
dead birds counted during the botulism outbreak and the mean
temperature in July (rs � 0.745; P � 0.005). Most of these out-

TABLE 1 Official mortality rates of birds due to avian botulism outbreaks in Castilla-La Mancha wetlands in Spain between 1978 and 2008

Family No. of species

Mortality rate in the following yr:

Mortality rate for 1978 to 20081978 1998 1999 2002 2004 2005 2006 2008

Podicipedidae 4 83 2 10 0 1 0 3 0 99
Ardeidae 1 18 0 344 0 12 41 3 0 418
Ciconiidae 1 1 0 3 1 4 4 9 0 22
Phoenicopteridae 1 0 0 0 3 2 0 0 0 5
Anatidae 12 2,755 251 9,572 1 93 454 489 172 13,787
Accipitridae 2 4 0 0 0 0 0 2 0 6
Phasianidae 1 1 0 0 0 0 0 0 0 1
Rallidae 3 348 603 850 3 34 41 112 19 2,010
Recurvirostridae 2 513 191 38 11 15 6 29 2 805
Charadridae 4 577 0 7 6 1 1 2 1 595
Scolopaciae 12 1,081 0 21 0 4 0 0 10 1,116
Glareolidae 1 0 0 0 0 0 0 1 0 1
Laridae 3 316 343 117 16 4 0 65 2 863
Sternidae 6 64 0 18 1 0 1 60 0 144
Tytonidae 1 1 0 0 0 0 0 0 0 1
Laniidae 1 1 0 0 0 0 0 0 0 1
Passeriformes 1 0 0 0 0 0 0 4 0 4
Columbidae 1 0 0 0 0 0 0 1 0 1

Total 57 5,763 1,390 10,980 42 170 548 780 206 19,879
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breaks (9 out of 13) were initiated or occurred in July, and all
occurred when the mean temperature during this month was
above 26°C (Fig. 2). No other correlations were found between
botulism mortality and the rest of the meteorological data.

Identification of C. botulinum type. The strain isolated from
one black-headed gull was confirmed as the type C/D mosaic by
conventional PCR and qPCR. The sensitivity of qPCR with this
strain was around 2.5 spores/ml (1 to 6 spores, 95% confidence
interval), whereas for e conventional PCR, it was about 250
spores/ml (see Table S4 and Fig. S1 in the supplemental material).
The presence of the type C/D mosaic was also confirmed by con-

ventional PCR in 16 of 22 field samples that were previously pos-
itive to the qPCR.

C. botulinum in environmental samples and birds. The over-
all prevalence of C. botulinum type C/D in preenriched sediment
samples was 5.8%. The Alcázar de San Juan wetland showed the
highest prevalence, followed by Vega del Jabalón and Tablas de
Daimiel wetlands, with values of 10.8%, 9.5%, and 6.5%, respec-
tively (Table 2). Most of the positive sediments (10 out of 12) were
collected during botulism outbreaks, which always started in June
or July (see Table S2 in the supplemental material). Interestingly,
none of the 14 sediment samples collected during the Navaseca
outbreak, which started at the end of September 2008, were posi-
tive by qPCR (Table 2).

All the physicochemical characteristics for the sediments were
found to differ among wetlands (Table 3), and the characteristics
that were significantly associated with the presence of toxigenic C.
botulinum type C/D were lower Cl� (Wald’s �2 � 4.54; P � 0.033)
and higher %LOI (Wald’s �2 � 5.08; P � 0.024). These effects
were observed in the final model which included %LOI, Cl�,
moisture, pH, and NO3

�. The effect of Cl� was maintained across
all locations (Fig. 3A), whereas the effect of %LOI was more
marked at Tablas de Daimiel (Fig. 3B).

During botulism outbreaks, the prevalence of C. botulinum
type C/D was 18.2% (4/22) in pools of aquatic invertebrates and
33.3% (6/18) in pools of necrophagous invertebrates (Table 2).
Positive aquatic invertebrate samples corresponded to two pools
of Chironomidae from sediment and two pools of Corixidae from
the water column. Positive necrophagous invertebrate samples
corresponded to two pools of adults, one pool of pupae, and three
pools of larvae of Sarcophagidae and Calliphoridae flies collected
from or around bird carcasses.

FIG 2 Relationship between avian mortalities (log transformed data) detected
in botulism outbreaks and the mean temperature during the month of July
between 1997 and 2008 (rs � 0.745; P � 0.005). Shown is the regression (solid
line) with 95% confidence interval (broken lines).

TABLE 2 Presence of Clostridium botulinum in different environmental samples taken from wetlands in Castilla-La Mancha, Spain, between 2005
and 2008

Wetland
Outbreak
yr(s)

Presence of Clostridium botulinum in environmental samplesa

Sediment Benthic invertebrates Water column invertebrates Waterfowl carcasses Necrophagous flies

No. of
samples

No. of
positive
samplesb

%
positive
samples

No. of
samples

No. of
positive
samplesc

%
positive
samples

No. of
samples

No. of
positive
samplesd

%
positive
samples

No. of
samples

No. of
positive
samples

%
positive
samples

No. of
samples

No. of
positive
samplese

%
positive
samples

Tablas de
Daimiel

2007 93 6 6.5 3 0 0 11 4 36.4

Navaseca
lagoon

2008 14 0 0 7 1 14.3 6 2 33.3 24 7 29.2 10 2 20

Alcázar de San
Juan
lagoons

2006,
2008

37 4 10.8 29 11 37.9 7 3 42.9

Manjavacas
lagoon

9 0 0

Pedro Muñoz
lagoons

2006 15 0 0

Vega del
Jabalon
reservoir

2005 21 2 9.5 6 1 16.7 11 7 63.6 1 1 100

Vicario
reservoir

2005 18 0 0

Allf 207 12 5.8A 10 1 10.0AB 12 3 25.0B 75 29 38.7B 18 6 33.3B

a The number of samples tested, number of C. botulinum-positive samples, and percent C. botulinum-positive samples are shown for different environmental samples (sediment
samples, benthic invertebrates, etc.).
b All but two C. botulinum-positive samples were collected during botulism outbreaks.
c The C. botulinum-positive benthic invertebrates belonged to the Chironomidae family.
d The C. botulinum-positive water column invertebrates belonged to the Corixidae family.
e The C. botulinum-positive necrophagous flies were adults, pupae, and larvae of members of the Sarcophagidae and Calliphoridae families.
f Percentages of the presence of C. botulinum were not significantly different between sample types sharing a superscript capital letter.
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The presence of C. botulinum type C/D was detected in the diges-
tive tract contents of 38.7% of affected birds (Table 2). Within the
positive birds, C. botulinum was more frequently detected in the ce-
cum samples (16/22 [73%]), followed by cloacal swabs (4/7 [57%]),
intestine (14/26 [54%]), and then the gastric content (10/29 [34%])
(see Table S3 in the supplemental material). In positive birds for
which several samples were available, detection of C. botulinum was
more frequent (P � 0.012) in cecum samples (15/18 [83%]) than in
gastric content samples (5/18 [28%]).

DISCUSSION

The present study shows that outbreaks of avian botulism have
been regularly observed over the last 30 years in the wetland area
known as “Mancha Húmeda” in Spain, despite there being a rel-
atively low occurrence of C. botulinum (5.8%) present in sediment
samples. These outbreaks have affected around 20,000 birds from
over 50 species (mainly waterfowl, rallids, and waders) and oc-
curred especially when the mean temperature in July was above
26°C. In parallel with the presence of C. botulinum, the highest risk
of botulism may occur in wetlands with lower salinity (low Cl�

levels) and high organic matter content.
Mouse bioassays performed at the Spanish Institute of Toxi-

cology with hexavalent antitoxin have confirmed the presence of
BoNT in outbreaks that occurred between 1998 and 2002. Subse-
quently, outbreaks that occurred up until 2009 have been con-
firmed by mouse bioassay at the Instituto de Investigación en Re-
cursos Cinegéticos (IREC), Ciudad Real, Spain, and samples taken
during these outbreaks have been determined to be positive both
to the C antitoxin (C. botulinum antitoxin type C; catalog no.
BS0611, lot 05-0100, Centers for Disease Control and Prevention,
Atlanta, GA, USA) and to the type D antitoxin in the Institute
Pasteur in all cases. In addition, some field samples were positive
for the type C/D mosaic which suggests that C. botulinum produc-
ing avian botulism in Mancha Húmeda, Spain, is probably due to
this type (as is the case in other parts of Europe [7]). Negative
results using PCR in a few samples that were positive by qPCR can

FIG 3 Differences in physicochemical properties of sediments between sam-
ples in the absence and presence of Clostridium botulinum type C. (A) Con-
centration of Cl� (Wald’s �2 � 4.54; P � 0.033). (B) Organic matter content
(% loss on ignition) of sediments from Tablas de Daimiel (Wald’s �2 � 5.08;
P � 0.024). dw, dry weight.

TABLE 3 Physicochemical characteristics of sediments from wetlands in La Mancha, Spaina

Wetland zone
No. of
samples

pH
Moisture
(%)

Organic
matter (%)b PO4

� (ppm)b NO3
� (ppm)b NO2

� (ppm)b Cl� (ppm)b

Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE

Tablas de Daimiel 182 7.68AB 0.01 58.0C 1.0 17.9B 0.8 21.44ABC 1.75 369.0ABC 21.2 2.41A 0.67 1,263A 138
Morenillo 36 7.60 0.03 57.0 3.3 20.3 1.0 39.36 4.69 548.0 83.1 3.34 1.01 1,132 179
Tablazo 70 7.72 0.02 49.8 1.1 8.5 0.3 10.96 1.94 339.8 21.9 3.39 1.65 1,133 193
Exhibit lagoon 1 7.76 57.9 15.1 21.31 279.1 0.48 6,047
Permanent lagoon 75 7.67 0.02 66.1 0.6 25.7 1.1 22.61 2.54 311.6 20.4 1.07 0.14 1,383 261

Alcázar de San Juan 30 8.31C 0.05 25.1A 2.0 12.1AB 0.9 28.18ABC 5.92 371.5ABC 39.5 4.58A 1.47 34,987C 6,058
La Veguilla 10 8.09 0.08 14.5 1.2 7.7 1.3 21.45 15.86 480.6 84.4 7.64 3.42 3,705 1,568
Las Yeguas 10 8.30 0.09 31.5 1.4 15.1 0.8 27.83 4.25 381.5 57.1 2.04 1.22 66,870 9,335
Camino Villafranca 10 8.54 0.05 29.2 3.9 13.6 1.1 35.26 7.69 252.4 42.5 4.06 2.44 34,386 6,588

Manjavacas 10 8.43C 0.06 26.8A 1.7 14.4AB 1.6 35.42BC 10.18 482.4C 92.3 1.65A 0.57 32,544C 4,922

Pedro Muñoz 24 7.81B 0.05 38.2B 3.3 16.5B 1.1 43.07C 12.04 427.7BC 52.7 17.30B 6.61 13,262B 2,220
Pueblo 14 7.78 0.07 48.3 3.5 18.5 1.5 62.04 19.14 479.7 73.6 19.77 7.24 8,722 2,004
Retamar 10 7.84 0.07 24.1 2.4 13.6 1.1 16.50 3.70 354.8 71.2 13.83 12.62 19,619 3,794

Vega del Jabalón 20 8.50C 0.15 40.3B 3.2 7.3A 1.5 13.16AB 6.51 183.1A 17.2 0.36A 0.09 414A 133

Vicario 20 7.52A 0.07 44.4B 1.9 8.3A 0.4 8.16A 2.66 249.1AB 24.1 0.59A 0.09 1,330A 279
a The mean values for each wetland are shown in boldface type. Means sharing a superscript capital letter were not significantly different between wetlands.
b These physicochemical characteristics shown on the basis of weight (dry weight).
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be explained by the lower sensitivity inherent in conventional
PCR compared to qPCR, and also because the threshold cycles
(CTs) in the qPCR were later (data not shown). Further work (I.
Anza, H. Skarin, D. Vidal, and R. Mateo, unpublished data) un-
dertaken in collaboration with the National Veterinary Institute in
Uppsala, Sweden, also revealed that 13 isolated strains from two
outbreaks that occurred in Mancha Húmeda in 2010 were all type
C/D and were similar by genotyping to Swedish strains. The pres-
ent work has been focused on the detection of C. botulinum rather
than the presence of the neurotoxin. qPCR has proved to be a
sensitive tool for the detection of C. botulinum in the environment
and its ecoepidemiological study.

In general, the wild birds most frequently affected by botulism
are waterfowl and shorebirds (2, 3, 42). In our study, 69.3% of the
recorded deaths were for the Anatidae family and 12.6% to shore-
bird species (Scolopacidae, Recurvirostridae, and Charadridae).
The most affected species was the mallard duck, which repre-
sented 50% of the reported mortality; the same proportion as
observed by Woo et al. (27) in an outbreak that occurred in South
Korea in 2008. In addition, Shayegani et al. (12) reported high
percentages for Anseriformes (56%) and lower percentages for
shorebirds (6.6%) in mortalities caused by botulism in New York
State. The mallard duck is one of the most abundant species in
wetlands in our study area and elsewhere, and therefore, it com-
monly suffers losses during botulism outbreaks (3, 12). Outbreaks
of botulism are an especially significant conservation issue when
they affect endangered species with limited local or global distri-
bution. In such cases, isolated population hotspots are highly sen-
sitive to catastrophic events such as unusual weather events or
disease outbreaks. For example, a single botulism outbreak pro-
duced an estimated die-off of 15 to 20% of the western metapo-
pulation of American white pelican (Pelecanus erythrorhynchos)
(43), and another in Taiwan caused the death of 73 black-faced
spoonbill (Platalea minor), while global populations are now esti-
mated at only 1,600 mature individuals (34, 44). In another event,
181 critically endangered Laysan ducks (Anas laysanensis) died
during a botulism outbreak at Midway Atoll (Hawaii), out of a
global population of approximately 500 to 680 mature individuals
(33, 34). It should be noted that threatened species, such as the
endangered white-headed duck, were also found dead during the
botulism outbreaks reported here (see Table S1 in the supplemen-
tal material) despite the scarcity of the species in the wetlands
studied. Although the population of this species in Spain has in-
creased from less than 100 birds in 1978 to around 2,200 birds in
2007, in Ciudad Real province (where most of our sampling sites
were located), the September 2007 census recorded only 139 birds
(35). The world population for this species has been estimated to
be between just 7,900 and 13,100 individuals (around 5,300 to
8,700 mature individuals [34]) and is in decline. Botulism may
therefore be a major concern in terms of conservation efforts
aimed at this species.

In principle, an avian botulism outbreak is essentially unpre-
dictable, but it is now known that various environmental factors
play a predisposing role in epidemics. These factors include tem-
perature, salinity of the substrate, pH, redox potential (of the sur-
face water and soil/sediment pore water), dissolved oxygen level,
and sediment/soil organic matter content (24, 45, 46). Moreover,
large epidemic outbreaks are favored by the presence of botulism
intoxicated avian carcasses and the maggots that feed on them.
This acts to amplify the number of intoxicated birds as they feed

on BoNT-bearing maggots in a process known as the carcass-
maggot cycle (15). This cycle is favored by temperatures above
20°C which facilitates the growth of C. botulinum in the bird car-
casses (28, 47). As observed here, the majority of outbreaks re-
corded in the Mancha Húmeda wetlands in Spain started in July
and correlated with mean temperatures above 26°C in this month.
The temperature in July frequently reached 40°C during the day
within the study period, which is optimal for growing C. botuli-
num type C in an appropriate substrate (47). In this regard, global
warming may increase the risk of a botulism outbreak in the area.
Natural temporary wetlands would probably be affected by per-
sistent drought, whereas artificial wetlands, such as lagoons re-
ceiving treated wastewater, may persist as the only habitat for
waterbirds. Rising temperatures may increase the frequency of
botulism outbreaks by reducing the number of low-risk saline
habitats and favoring the growth of C. botulinum itself.

In Castilla-La Mancha, Spain, we have rarely observed botu-
lism outbreaks in spring or autumn, as reported in some wetlands
in America (2, 11), Europe (13), and Asia (27). The only recorded
case in our data set was an outbreak observed in the Navaseca
lagoon, which started at the end of September 2008, when there
was a mean temperature of just 20.5°C. The cause of this episode is
still unknown. The outbreak began just after a short period of
heavy rain, which exceeded the carrying capacity of the wastewater
treatment plant that feeds treated water into this lagoon. Further
research is necessary to understand the possible epidemiological
association between wastewater, enteropathogens, and botulism
outbreaks, since many of the botulism epidemics in our study area
occurred in wetlands that receive significant inputs from waste-
water treatment plants. A feasible hypothesis is that some bacteria
of fecal origin could initially cause mortality of a few birds. The
onset of several botulism outbreaks has indeed been associated
with previous bird mortalities due to other causes, i.e., due to
starvation, bacterial or parasitic infections, predation, or pesticide
poisoning (27, 28). In turn, this may initiate the carcass-maggot
cycle within the optimal environment offered by the decomposing
carcass. The likelihood of this happening may be heightened after
a high rainfall storm event when relatively untreated sewage may
be flushed through the briefly overburdened wastewater treat-
ment plant.

Detection rates for C. botulinum type C in the soils/sediments
analyzed in our study area (5.8%) were similar to those observed
in other affected wetlands in Spain (1.7 to 18% [20, 21]) and
Florida (5.6% [18]). However, these values were far lower than in
other wetlands in Austria (74 to 83% [48]), California (52% [23]),
Canada (38% [19]), or the United Kingdom (19.4 to 51.5% [17]).
The marked seasonality of many Mediterranean wetlands may
reduce the persistence of C. botulinum in sediments. For example,
Sandler et al. (23) found differences between the presence of C.
botulinum in marshes that remained flooded compared with
marshes that were drained in the spring and flooded in the fall;
they found that prevalence was higher in the permanently flooded
marshes. Other factors, such as the high salinity prevailing in most
of the La Mancha Húmeda wetlands may also affect the long-term
presence of C. botulinum in sediments. We have observed a clear
negative association between soluble Cl� levels in sediments and
the detection of C. botulinum. Likewise, other studies have re-
ported a negative effect of salinity on C. botulinum growth (49, 50)
and botulism occurrence (2). Further, the highest risk of occur-
rence for avian botulism outbreaks has been associated with a soil
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pH value between 7 and 8 (45). We have not observed a significant
effect of pH on the presence of C. botulinum in the sediments
studied here, but most of our observed values were within this
cited range of risk. Another important factor (not studied here) is
redox potential. Negative values for this parameter, indicative of
reducing/low oxygen conditions in the sediment, have been asso-
ciated with a higher risk of a botulism outbreak (45). The wetlands
studied here tended to have a positive redox potential (55), but
this may be lower in lagoons fed by wastewater treatment plants or
locally near wastewater outfalls as a result of the higher input of
fresh organic matter/nutrients (54). Wetlands that receive treated
wastewater may therefore pose a higher risk for botulism initia-
tion because they may tend to be more affected by eutrophication
(which may induce reducing sedimentary conditions) or provide
a substrate (by causing the death of a bird by other means) for
toxin production. The continuous unnatural water input/influx
may also remove the key annual drought period and reduce salin-
ity compared to other temporary wetlands.

Invertebrates, mainly maggots from necrophagous flies, play a
crucial role in botulism outbreaks as vehicles for the BoNT toxin
which then causes mortality in the birds feeding on them (15).
Hubálek and Halouzka (13) analyzed various invertebrates during
a botulism outbreak and detected BoNT at high concentrations in
necrophagous larvae and pupae of the blowflies Lucilia sericata
and Calliphora vomitoria which were collected from bird car-
casses. In turn, the risk of mortality due to avian botulism tends to
be higher in wetlands with higher densities of maggot-laden car-
casses (30). Duncan and Jensen (9) compared the toxicity of dif-
ferent invertebrate species collected from or near carcasses and
again found that Calliphoridae larvae (collected from carcasses)
pose the greatest risk. Toxicity was also analyzed in adult inverte-
brate forms, and 4 out of 15 samples of Calliphoridae flies were
toxin positive. We have detected C. botulinum type C/D not only
in larvae and pupae but also in adults of Calliphoridae and Sar-
cophagidae flies. The presence of the bacteria in the adult fly pro-
vides a new aspect to be considered in the epidemiology of avian
botulism, since these flies may be actively transporting C. botuli-
num type C/D from one carcass to another.

Other invertebrates collected around carcasses, such as pty-
chopterid fly larvae, leeches, and sow bugs, have been shown to
contain BoNT, albeit at concentrations that were lower than in
blowfly larvae (9, 13). During mass mortalities of waterbirds pro-
duced by C. botulinum type E in North America, benthic inverte-
brates have been identified as potential vectors of spores (51).
Here, we detected C. botulinum in samples of Chiromonidae and
Corixidae that were collected around bird carcasses, but their po-
tential risk as carriers of toxin seems to be limited (9).

The overall prevalence of C. botulinum in the digestive tracts of
bird carcasses collected during botulism outbreaks was 38.5%,
and it was more frequently detected in the lower tract (bowel or
cecum) than in the upper tract (gastric content). This difference in
distribution may reflect the preference of C. botulinum type C/D
for the lower tract (especially the cecum) for postmortem growth
of the bacteria. Alternatively, it may reflect its premortem prevail-
ing presence. The presence of C. botulinum type C in the digestive
tracts of birds can be explained by the ingestion of vegetative cells
and/or spores (52); furthermore, the bacteria could persist in the
ceca of healthy birds where it may act as a substrate for toxin
production after death (53). We have noted that cloacal swabs can
give similar results to cecum samples in terms of detecting the

presence of C. botulinum type C/D. This may indicate that cloacal
swabs could be the specimen of choice in live birds suspected of
having botulism poisoning or could be used to study possible
carriers of the microorganism in epidemiological studies.

Overexploitation of groundwater resources in the agricultural
land around the Mancha Humeda wetlands in Spain has com-
pletely changed the natural water regime in these wetlands. Tablas
de Daimiel, which was historically a regionally important perma-
nent wetland, currently undergoes extended periods of drought.
In contrast, other historically temporary saline lagoons have now
been transformed into permanent freshwater lagoons due to the
continuous input provided by wastewater treatment plants. Na-
vaseca is one such artificial lagoon. Our analysis of its physico-
chemical characteristics indicates that it represents a significant
risk in terms of its potential to host/induce local botulism out-
breaks which may then be disseminated by vectors to nearby wet-
lands like Tablas de Daimiel National Park, where the highest
numbers of birds concentrate and where the greatest implication
for certain endangered avian species may exist.
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